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INTRODUCTION
The ornate spiny lobster Panulirus ornatus is widely distributed over the Indo-West Pacific region where it supports important artisanal and commercial fisheries. Like many wild spiny lobster stocks throughout the world, this species is vulnerable to increased fishing pressure and climate change (Plagányi et al. 2011; Norman-López et al. 2013) . Recently, breakthrough developments in spiny lobster hatchery systems and nutrition by University of Tasmania-Nexus Aquasciences Pty Ltd (UNA) have made it possible for commercial scale closed life-cycle production. It is expected that the development of spiny lobster aquaculture based on hatchery reared seedstock will reduce the wild harvesting of lobster seedstock, alleviate fishing pressures by supplementing food production chains and contribute to stock enhancement programmes. This technology will enable a sustainable and reliable supply of stock and has the potential to improve the socioeconomic status of communities that are dependent on spiny lobster fisheries for their livelihoods. The UNA culture technologies are most advanced for P. ornatus, which is an attractive aquaculture species due to its fast growth and high price in Asian markets (Jeffs 2010) . However, a number of challenges persist during larviculture and grow out of juveniles including bacterial diseases demanding greater efforts to improve the health and survival of cultured lobsters (Jones 2015) .
The microbiota closely associated with organisms is a growing and fruitful field of research. The largest undertaking has been the human microbiome project that akin to the human genome project characterised the microbiota associated with diseased and healthy humans. These microbiota have been found to play a crucial role in maintaining human health through enhancing pathogen resistance, the immune response, growth and nutrition (Cho and Blaser 2012) . This area of research has led to the development of tools and a conceptual understanding of the composition and function of the gut microbiomes of several aquaculture species (Llewellyn et al. 2014) . Next-generation sequencing (NGS) techniques have substantially improved our knowledge of gut bacterial communities associated with varying health states and in response to diets and the environment (Ghanbari, Kneifel and Domig 2015) . Several studies have employed NGS to describe the complex gut bacterial communities of crustaceans, including the Norway lobster Nephrops norvegicus (Meziti and Kormas 2013) , cherry shrimp Neocaridina denticulata (Cheung et al. 2015) , Pacific white shrimp Litopenaeus vannamei (Huang et al. 2014; Zhang et al. 2014) , black tiger shrimp Penaeus monodon (Rungrassamee et al. 2013 ) and giant freshwater prawn Macrobrachium rosenbergii (Mente et al. 2016) .
Although the host and external factors may affect the composition of the gut microbiome (Spor, Koren and Ley 2011) , less is known regarding the microbiota of different gut regions and how the developmental stage influences the microbial communities. The digestive tract of crustaceans is divided into three regions: the foregut, midgut (including midgut gland) and hindgut (Ceccaldi 1989) . Briefly, ingested food is mechanically ground in the foregut before moving to the midgut. The processes of nutrient solubilisation by digestive enzymes, nutrient absorption and removal of fluids from indigestible particles and their coating with a peritrophic membrane occur in the midgut (Perera and Simon 2015) . The faecal pellet is then moved into the hindgut for excretion (Perera and Simon 2015) . Although there are region-specific functions in the crustacean gut, Cheung et al. (2015) did not find distinct compositional differences in microbiota between the gut regions of N. denticulata, and reported the consistent presence of members of the phylum Proteobacteria. Physiological and immunological changes that occur during development may also impact the microbial diversity of the gut (Rungrassamee et al. 2013; Cheung et al. 2015) . Nonetheless, Huang et al. (2014) and Rungrassamee et al. (2013) showed that the same bacterial phyla were predominant in the gut of L. vannamei at all developmental stages. External factors such as feed and water quality have varied effects on gut bacterial communities of different species, with a strong influence reported for L. vannamei (Qiao et al. 2016 ) and little impact for N. norvegicus (Meziti, Mente and Kormas 2012) and L. vannamei (Zhang et al. 2014) .
Given the importance of gut-associated bacteria to the overall health of an organism, the aim of this study was to characterise and compare the gut microbiomes across different developmental stages and regions of the digestive tract (fore-, midand hindgut) of cultured P. ornatus juveniles.
MATERIALS AND METHODS

Juvenile lobster culture system
Juvenile Panulirus ornatus were produced from hatch in two batches (1 and 2) to allow comparisons of different developmental stages that span several months. Juveniles were sired from the same male broodstock. Lobsters were produced at the Institute for Marine and Antarctic Studies (IMAS), in Hobart, Australia according to protocols modified from Jensen et al. (2013) and Fitzgibbon and Battaglene (2012) . For batch 1, newly emerged juveniles (J1) were held in either individual or communal holding systems. Individual systems housed J1s (first juvenile moult) to 7 days post-emergence (dpe) and were comprised of 8 L containers segregated into eight individual compartments and supplied with flow-through water (temperature 27.72 ± 0.04 . Communal animals were fed Kuruma prawn pellet four times daily rationed at a rate of ∼10% total tank biomass. All juveniles were provided with cylindrical hides and cultured in predominate darkness. Three 6-7 dpe J1s (0.14 ± 0.001 g) and three 52 dpe juveniles (1.27 ± 0.12 g) were sampled. All sampled juveniles were apparently healthy and in intermoult phase. For batch 2, juveniles were held communally to 13 months post-emergence (mpe) in 600 L fibreglass vessels supplied with flow-through seawater (temperature 26.44 ± 0.08
• C; DO 100.01 ± 0.47%; pH 7.88 ± 0.01; salinity 34.50 ± 0.12 ppt; and flow rate 0.36 exchanges h −1 ). Juveniles were fed slightly oversatiation a combination of fresh blue mussels and Kuruma prawn pellet daily. Animals were cultured under 12:12 h light:dark photoperiod and provided with Z-stack hides for shelter. Three juveniles (209.3 ± 10.3 g) were sampled at 13 months of culture. Juveniles were starved for 24 h prior to sampling.
Sample collection
All lobster dissections and sampling were performed using aseptic techniques. Surgical tools were sterilised in 1:20 chlorine 4% w/v, 70% ethanol and flamed prior to use and between incisions. The 6-7 and 52 dpe juveniles were euthanised in a seawater ice slurry for ∼1 min, surface sterilised by dipping in 70% ethanol for 15 s and placed on sterile Petri dishes for dissections. The hindgut was extracted from the anterior region of the abdomen following detachment from the cephalothorax and removal of the tail fan. The hindgut was put in nucleic acid preservation solution (4 M ammonium sulphate, 25 mM sodium citrate, 10 mM EDTA; pH 5.5) until further processing. The individual fore-and midgut of 6-7 and 52 dpe lobsters (carapace length 10.8 ± 1.8 mm) were too small to reliably obtain sufficient total nucleic acids extract. The 13 mpe lobsters were euthanised in a seawater ice slurry for at least 5 min prior to dissections. An inverted Y incision was made on the dorsal surface of the carapace prior to extracting the foregut and midgut. A cut was made on the dorsum of the abdomen to excise the hindgut. Fore-, mid-and hindgut were put in nucleic acid preservation solution until further processing.
Total nucleic acids extraction
Each preserved sample was homogenised in 500 μL of urea extraction buffer (4 M urea, 1% sodium dodecyl sulfate, 0.2 M sodium chloride, 1 mM sodium citrate; pH 8.2) and 5 μL of proteinase K (Bioline Pty. Ltd., NSW, Australia), heated at 37
• C for 15 min (with 5 s of vortexing every 5 min) and then incubated on ice for 5 min. Samples were mixed with 250 μL of 7.5 M ammonium acetate (Sigma-Aldrich Co., MO, USA), vortexed for 40 s and centrifuged at 16 000 g for 5 min (18
The supernatant was re-centrifuged at 16 000 g for 3 min (18
and the final supernatant was mixed by inversion (40 times) with 800 μL of isopropanol with 0.4% (v/v) pink co-precipitant (Bioline) and centrifuged at 16 000 g for 15 min. The pellet was rinsed with 500 μL of 70% ethanol twice before resuspension in 50 μL of buffered water (0.05% Triton X-100, 10 mM TRIS pH 7).
PCR and pyrosequencing
V1 to V3 hypervariable regions of the bacterial 16S rRNA gene were amplified from the gut samples. A sequencing adaptor was added to the 5 end of each primer and there was a sample-specific barcode in every reverse primer (Table 1) . The 20-μL PCR reactions contained 10 μL of 2 × MyTaq HS mix (Bioline), 300 nM each of forward and reverse 16S rRNA gene primers and 1 μL of 1:10 diluted total nucleic acids extract. The PCR was conducted using a C1000 Thermal Cycler (Bio-Rad Laboratories Inc., USA) with a thermal cycling programme as follows: initial melting for 3 min at 95 • C; 30 cycles of denaturation for 10 s at 95
• C, annealing for 30 s at 58
• C, extension for 15 s at 72 • C; and a final extension for 2 min at 72
• C. PCR products were examined by 1.5% agarose gel electrophoresis. PCR for the no-template control (total nucleic acids extract was substituted with buffered water) was conducted for 33 cycles. PCR products were purified using SureClean (Bioline) according to the manufacturer's instructions, and concentrations were determined using a Qubit fluorometer (Invitrogen, Life Technologies Australia Pty. Ltd., VIC, Australia). For each sample, 25 ng of purified PCR product was pooled. The pool was purified using SureClean and quantified using Qubit. A 100 μL suspension containing 2 ng μL −1 of amplicons was sent to Macrogen Inc.
(Seoul, Korea) for pyrosequencing (454 GS-FLX Titanium, Roche, USA). The sampling size and experimental design were influenced by availability of cultured lobsters of a similar genetic background at important post-larval and post-puerulus developmental stages.
Data analyses
The read sequence file was separated according to barcodes and trimmed from primers using Geneious 8.1.7 (http://www.geneious.com, Kearse et al. 2012) . The sequences were deposited in the Sequence Read Archive under BioProject accession number PRJNA396648. The sequences were exported to the CloVR pipeline for 16S rRNA metagenomics via the Data Intensive Academic Grid computational cloud (DIAG 2016) . CloVR default settings were used. Briefly, CloVR employed several software packages including Qiime and UCHIME for denoising (poor quality and chimeric sequences) and Mothur to cluster unique sequences and analyse richness and diversity indices (White et al. 2011) . Clusters of filtered sequences with 95% nucleotide sequence identity or operational taxonomic units (OTUs) were assigned to known taxa using the RDP Bayesian Classifier within CloVR at a confidence threshold of 0.5. Beta diversity estimators were calculated using phylogenetic distance to generate a weighted UniFrac principal coordinate analysis (PCoA) plot in Qiime as per White et al. (2011) . Good's coverage was calculated based on the formula of (1 -[observed OTUs/number of filtered sequences]) × 100%. Counts of OTU sequences in the single no-template control library (predominantly Methylobacteriaceae) were subtracted from those in the samples. Observed OTUs and alpha diversity estimations were compared using one-way ANOVA with Tukey post hoc analyses and independent samples t test in SPSS v20. A P value of <0.05 was considered significant. Statistically significant differences in OTU abundances between sampling groups were assessed by multiple pairwise comparisons using Metastats software where a false discovery rate-adjusted P value (Q) of <0.05 was considered significant. Taxonomic relative abundance charts were generated using Krona (Ondov, Bergman and Phillippy 2011) based on OTU counts at phylum, class, order and family level. Venn diagrams were drawn using InteractiVenn (Heberle et al. 2015) to show shared and unique OTUs between samples.
RESULTS
Summary of pyrosequencing
After quality filtering and removal of chimeric sequences, a total of 87 127 reads were obtained from 15 samples (Table 2) . Mean reads per sample was 5808 (4828-7178) and mean read length was 452 bp. Good's coverage ranged between 96.9% and 99.3%.
Alpha diversity analyses
The number of observed OTUs ranged from 51 to 71 in the foregut, 76 to 104 in the midgut and 70 to 231 in the hindgut (Table 2) . Chao, ACE and Jackknife richness estimators showed 62-104, 103-185 and 93-268 OTUs in the foregut, midgut and hindgut, respectively (Table 3) . The observed OTUs, Chao, ACE and Jackknife indices were significantly higher in the hindgut compared to the foregut of 13 mpe lobsters (P < 0.05). This was Observed OTUs of 13 months post-emergence lobsters not sharing common letters were significantly different (P < 0.05). Indices of 13 months post-emergence lobsters not sharing common letters were significantly different (P < 0.05).
consistent with the hindgut library being significantly more diverse than the foregut and midgut libraries of 13 mpe animals according to the nonparametric Shannon and Simpson indices (P < 0.01). However, there were no significant differences in the number of OTUs or bacterial richness and diversity (Chao, ACE, Jackknife, Shannon and Simpson indices) in the hindgut (6-7 dpe vs 52 dpe vs 13 mpe) of animals at different developmental stages (P > 0.05). Rarefaction curves for all samples tended to plateau, indicating the sequencing of all the samples reached saturation (Fig. 1) . Table 2 for abbreviation of samples).
Beta diversity analyses
The weighted UniFrac PCoA plot demonstrated variation in abundance of OTUs among different samples (Fig. 2) . The first principal coordinate explained most (61%) of the variation, while the second and third principal coordinates explained 17% and 8%, respectively. Four core clusters were identified with the first cluster consisting of three foregut and one midgut libraries of 13 mpe animals. The second cluster was made up of two midgut libraries of 13 mpe animals and two hindgut libraries of 52 dpe juveniles. The third cluster contained three hindgut libraries of 13 mpe lobsters. Three hindgut libraries of 6-7 dpe juveniles formed the fourth cluster. A single hindgut library from a 52 dpe animal was dissimilar from the core clusters. The PCoA plot showed that the hindgut bacterial communities became more dissimilar from one another with increasing stage of development.
Taxonomic composition
A taxonomic summary of the P. ornatus gut microbiomes is presented in Fig. 3 . The five main bacterial phyla represented were Tenericutes, Proteobacteria, Bacteroidetes, Actinobacteria and GN02. The three gut regions of 13 mpe lobsters were mostly represented by Tenericutes (64.2 ± 10.1%), Proteobacteria (32.3 ± 10.1%) and Bacteroidetes (2.6 ± 1.1%). The hindgut of 13 mpe lobsters had a significantly higher abundance of Bacteroidetes than the foregut and midgut, and significantly more Proteobacteria than the foregut (P < 0.05). There were significantly fewer Proteobacteria but more Tenericutes and Actinobacteria in the hindgut compared to the midgut of 13 mpe animals (P < 0.05). The hindgut across different developmental stages was dominated by Proteobacteria, Tenericutes and Bacteroidetes. Tenericutes were significantly more represented (P < 0.05) in the hindgut of 13 mpe lobsters (65.5 ± 1.2%) than that of 52 dpe animals (0.3 ± 0.1%). Additionally, Bacteroidetes were significantly more abundant (P < 0.01) in the hindgut of 13 mpe individuals (6.8 ± 0.7%) than that of 6-7 dpe juveniles (4.5 ± 2.3%). The top eight bacterial classes detected in the gut samples were Mollicutes, Gammaproteobacteria, Alphaproteobacteria, Saprospirae, Bacteroidia, Deltaproteobacteria, Actinobacteria and Flavobacteriia (Fig. 3) . For 13 mpe juveniles, the two major classes in the foregut were Mollicutes and Gammaproteobacteria. In the midgut and hindgut of 13 mpe lobsters, the top three classes recovered were Gammaproteobacteria, Mollicutes and Bacteroidia. Gammaproteobacteria were significantly more abundant (P < 0.05) in the midgut (60.1 ± 24.1%) than in the foregut (10.7 ± 3.3%) and hindgut (24.1 ± 2.9%) of 13 mpe animals. The five most represented classes in the hindgut across the developmental stages were Gammaproteobacteria, Alphaproteobacteria, Mollicutes, Saprospirae and Bacteroidia. Gammaproteobacteria and Alphaproteobacteria were significantly more abundant (P < 0.05) in the hindgut of 52 dpe animals (Gammaproteobacteria 78.6 ± 20.9%, Alphaproteobacteria 2.4 ± 2.2%) compared to that of 13 mpe lobsters (Gammaproteobacteria 24.1 ± 2.9%, Alphaproteobacteria 1.8 ± 1.0%). In contrast, Bacteroidia were significantly more represented (P < 0.05) in the hindgut of 13 mpe lobsters (6.7 ± 0.6%) than that of 52 dpe juveniles (0.03 ± 0.02%). The abundance of Mollicutes in the hindgut of 13 mpe individuals (65.5 ± 1.2%) was significantly higher (P < 0.01) than that of 6-7 dpe (0.5 ± 0.3%) and 52 dpe animals (0.3 ± 0.1%).
A total of 20 major bacterial families were represented in the gut samples (Fig. 3) . For 13 mpe juveniles, the most common families in the foregut were Pseudoalteromonadaceae and Mycoplasmataceae. Pseudoalteromonadaceae, Marinilabiaceae, Vibrionaceae and Mycoplasmataceae were predominant in the midgut and hindgut of 13 mpe lobsters. Vibrionaceae were significantly more abundant (P < 0.05) in the hindgut (1.6 ± 0.3%) than in the midgut (0.3 ± 0.1%) and foregut (0%) of 13 mpe lobsters, and significantly more prevalent (P < 0.01) in the midgut compared to the foregut. The most common bacterial families in the hindgut across different developmental stages were Pseudoalteromonadaceae, Rhodobacteraceae, Vibrionaceae, Alcanivoracaceae, Marinilabiaceae, Saprospiraceae and Mycoplasmataceae. A member of Alcanivoracaceae, genus Alcanivorax, was significantly more abundant (P < 0.01) in the hindgut of 6-7 dpe juveniles (17.5 ± 5.5%) compared to that of 52 dpe animals (0.02 ± 0.02%).
The Venn diagrams showed that 41 OTUs (33% of Fg13m, 24% of Mg13m, 17% of Hg13m) were shared by the three gut regions of 13 mpe lobsters (Fig. 4A ). For 13 mpe animals, the hindgut had the highest number of unique OTUs (141; 59% of Hg13m) and shared more OTUs with the midgut (33% of Hg13m) than the foregut (25% of Hg13m). The hindgut of juveniles at different developmental stages shared 37 OTUs (18% of HgJ1, 12% of Hg52d, 16% of Hg13m) (Fig. 4B) . The hindgut of 52 dpe animals had the greatest number of unique OTUs (199; 63% of Hg52d) and shared more OTUs with 6-7 dpe (26% of Hg52d) than 13 mpe lobsters (23% of Hg52d). From the 41 and 37 shared OTUs, the core gut microbiomes were from classes Mollicutes, Gammaproteobacteria and Alphaproteobacteria.
DISCUSSION
This is the first study to comprehensively explore gut microbiomes of the juvenile spiny lobster. The microbial composition was affected by gut region, and the hindgut microbiome was influenced by developmental stage. For 13 mpe lobsters, alpha diversity and PCoA analyses showed that the hindgut libraries were more diverse and dissimilar when compared to the foregut and midgut libraries. This is in contrast to Cheung et al. (2015) that reported that the bacterial diversity of mid-and hindgut libraries of Neocaridina denticulata were not significantly different from the foregut. These differences could be attributed to Cheung et al. (2015) not analysing the mid-and hindgut separately as in our study. When the effect of developmental stage/batch was examined, the bacterial composition of the hindgut was more similar among younger juveniles (6-7 dpe and 52 dpe animals, batch 1) compared to more advanced juveniles (13 mpe animals, batch 2), as supported by the PCoA plot and Venn diagram. Based on diversity indices, there was no significant difference in the hindgut microbiomes between lobsters of various growth stages, which was consistent with the gut libraries of Litopenaeus vannamei and Penaeus monodon juveniles (Rungrassamee et al. 2013; Huang et al. 2014) .
The core gut microbiomes of juvenile P. ornatus consisted of Tenericutes and Proteobacteria. Tenericutes were reported as the dominant phylum in the gut of Nephrops norvegicus (Meziti, Mente and Kormas 2012) , Chinese mitten crab Eriocheir sinensis , mud crab Scylla paramamosain and L. vannamei (Zhang et al. 2014) . Nevertheless, lower levels of Tenericutes were described in the digestive tract of Atlantic blue crab Callinectes sapidus (Givens et al. 2013) and P. monodon (Chaiyapechara et al. 2012) . Proteobacteria are known to be dominant in the gut microbial assemblages of a range of crustaceans including N. norvegicus (Meziti et al. 2010) , C. sapidus (Givens et al. 2013) , N. denticulata (Cheung et al. 2015) , L. vannamei (Huang et al. 2014; Zhang et al. 2014) , P. monodon (Rungrassamee et al. 2013) , oriental river prawn Macrobrachium nipponense (Tzeng et al. 2015) and M. rosenbergii (Mente et al. 2016) . A more detailed comparison of the ratio of Tenericutes to Proteobacteria among the hindguts of 6-7 dpe (0.01), 52 dpe (0) and 13 mpe (2.52) lobsters found that this ratio increased with age. A similar age-dependent ratio was also reported by Huang et al. (2014) , who found this ratio to increase from 0 in 1-,2-,3-month-old juveniles to 0.63 in the gut of 5-month-old L. vannamei.
The abundance of Tenericutes in the hindgut increased from 52 dpe to 13 mpe animals. These changes could be attributed to increasing host selection due to development of the digestive system and regional influence of immune factors along the gut (Nayak 2010; Rungrassamee et al. 2014; Bakke et al. 2015) . It is also possible that the Tenericutes were enriched through niche expansion (i.e. gut surface area) and/or resisted the host immune response as the juvenile undergoes development (Rungrassamee et al. 2013) . Most of the Tenericutes identified in this Relative abundance of OTUs in gut samples of juvenile P. ornatus at phylum, class, order and family levels (see Table 2 for abbreviation of samples). study were in the class Mollicutes, which included the prevalence of the genus Candidatus Hepatoplasma (family Mycoplasmataceae) in gut samples of 13 mpe lobsters. This genus was also reported in the digestive tract of N. norvegicus (Meziti, Mente and Kormas 2012) and E. sinensis . Candidatus Hepatoplasma was further implicated in the survival of nutritionally stressed isopods (Fraune and Zimmer 2008) and may suggest a potential symbiotic role in spiny lobster nutrition.
The Proteobacteria found in the gut samples comprised mainly Gammaproteobacteria and Alphaproteobacteria. The abundance of Gammaproteobacteria was highest in the midgut, followed by the hindgut and foregut of 13 mpe lobsters. Continuous moulting throughout lobster development results in the removal and remodelling of chitinous layers in the foregut and hindgut, and this subjects the microbial communities in these regions to frequent disturbance, new colonisations and successions. Members of the Gammaproteobacteria are ubiquitous and aggressive first colonisers of marine surfaces (Dang and Lovell 2016) , and are thus likely residents of the constantly remodelled lobster fore-and hindgut regions. The more stable environment of the midgut (Rungrassamee et al. 2013 ) was dominated by Gammaproteobacteria, which could infer functional roles in digestion and/or habitat expansion into the midgut gland (Ceccaldi 1989) . Within Gammaproteobacteria, family Pseudoalteromonadaceae was detected in all three gut regions of 13 mpe lobsters and the hindgut of three developmental stages. This was consistent with previous studies on other crustaceans that found members of Pseudoalteromonadaceae in the gut of S. paramamosain , N. norvegicus (Meziti et al. 2010) , banana prawn Penaeus merguiensis (Oxley et al. 2002) and L. vannamei (Tzuc et al. 2014) . It is known from previous studies on P. ornatus larvae that Pseudoalteromonas spp. have a beneficial relationship with the host, including producing antibacterials to reduce pathogen colonisation (Goulden et al. 2012) .
Family Vibrionaceae (class Gammaproteobacteria) was found in most of the gut samples. Vibrios are frequently isolated from the gut of healthy lobsters (Sugita et al. 1987; Immanuel et al. 2006; Battison, Després and Greenwood 2008; Meziti, Mente and Kormas 2012) and have putative roles in the digestion of chitin and inhibiting the colonisation of other bacteria through the production of antibiotic compounds (Thompson, Iida and Swings 2004; Wietz et al. 2010; Goulden et al. 2012) . Microbially produced chitinases allow for the digestion of exoskeleton from food (eg. natural prey items) and the lobster exuvia following the moult (Ceccaldi 1989; Perera and Simon 2015) . Vibrios (and Pseudoalteromonads) are also involved in the degradation of algal compounds (Egan et al. 2013; Martin et al. 2014) and could have a role in the digestion of algae consumed by lobsters in natural settings. It has been shown that host phylogeny (regardless of whether the host is in a natural or culture environment) has an overruling selective effect on the microbiome of P. monodon (Rungrassamee et al. 2014) and fish (Sullam et al. 2012) . Table 2 for abbreviation of samples).
Therefore, some microorganisms may be recruited to gut assemblages even if they possess no functional capacity within the host in an artificial culture environment. Interestingly, some strains of vibrios known to be opportunistic pathogens of lobsters including Vibrio harveyi were isolated from animals in this study and could become problematic if the animals are immunocompromised (Shields 2011) .
Within the family Alcanivoracaceae (class Gammaproteobacteria), the genus Alcanivorax was more abundant in the hindgut of 6-7 dpe juveniles compared to older lobsters suggesting developmental stage-specificity. Alcanivorax were reported in mussel (Bayat, Hassanshahian and Hesni 2016) and midgut of grouper (Yang et al. 2011) . Members of Alcanivorax can utilise oil-based hydrocarbons as a growth substrate (Schneiker et al. 2006) . Interestingly, our research group has found other bacterial genera (e.g. Oleibacter and Polymorphum) capable of degrading hydrocarbons associated with the gut of P. ornatus puerulus (unpublished data), which is the non-feeding lecithotrophic post-larval stage that occurs before juvenile emergence. The genomes of such bacteria have shown to be enriched with proteins responsible for lipid metabolism (Nie et al. 2012) , and may play a role in the lipid-dominant metabolism during puerulus development (Jeffs, Willmott and Wells 1999; Fitzgibbon, Jeffs and Battaglene 2014) . Overall, developmental stage appeared to influence the shift from Proteobacteria to Tenericutesdominated microbiomes of the hindgut. This is presumably driven by changes in host ecophysiology. For example, emergent juveniles (i.e. 6-7 dpe) could harbour communities that have roles in post-larval starvation resistance (Espinosa-Magaña, Lozano-Álvarez and Briones-Fourzán 2017) and the structure of these communities then change with the developing reptant feeding habits of juveniles (Perera and Simon 2015) .
It should be noted that some of the differences between sequence libraries across developmental stages observed in this study could be accounted for by genetic factors (Sullam et al. 2015) , host selective processes (Zhang et al. 2014) and culture methods (recirculating vs flow-through system) (Attramadal et al. 2014) . However, there is a growing body of evidence that supports host phylogeny having an overruling selective effect on the gut microbiome of crustaceans (Tzeng et al. 2015) and teleosts (Sullam et al. 2012; Bakke et al. 2015) . For example, the majority of gut microbiomes of N. norvegicus were different from bacteria in the tank water and feed, with no apparent difference between mussel and pellet-fed lobsters (Meziti, Mente and Kormas 2012) . Additionally, the gut microbiome of L. vannamei was not similar to the bacterial community of rearing seawater (Huang et al. 2014; Zhang et al. 2014) . As such most of the variation in microbiomes across development was more likely due to host intrinsic factors, and not to external environmental factors.
To the best of our knowledge this is the first study showing that the core gut microbiomes of cultured P. ornatus juveniles are dominated by Tenericutes and Proteobacteria. The composition of the gut microbiomes was influenced by gut region and developmental stage. This was evidenced in the characterisation of the gut from 13 mpe lobsters, where the hindgut was more diverse and compositionally dissimilar to the fore-and midgut regions, and further differed in structure when compared to the hindgut of younger lobsters. Identification of commonly found gut bacteria of crustaceans including Pseudoalteromonadaceae and Vibrionaceae could infer functional significance for juvenile lobsters. With an increased understanding of the gut microbiomes of healthy lobsters, we may identify specific bacterial groups as indicators of health, disease and productivity traits and identify gut symbionts as probiotic candidates to improve lobster health.
